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Edited by Richard CogdellAbstract The inactivation of the hrcA gene resulted in de-
repression of the two CIRCE-containing groE genes in a cyano-
bacterium Synechocystis sp. strain PCC6803, indicating that the
CIRCE operator/HrcA repressor system operates in the cyano-
bacterium. We found that the groE expression in the hrcA
mutant is greatly induced by heat and/or light. Removal of a
K-box containing and an N-box containing region upstream of
the groESL1 promoter abolished light-induced transcription of
a luxAB reporter gene fused with the groESL1 promoter. Simi-
lar sequences to the K-box, GTTCGG-NNAN-CCNNAC, were
also found upstream of the dnaK2 genes. A speciﬁc binding of a
protein(s) to the N-box, GATCTA, was detected by a gel mobil-
ity shift assay with using cell extracts. We propose that the
cyanobacterial groEL expression is regulated by a putative posi-
tive mechanism mediated by these novel elements in addition to
the HrcA/CIRCE system. The groEL2 genes from Synechococ-
cus sp. strain PCC 7942 and Thermosynechococcus elongatus,
which lack CIRCE, K-box, and N-box naturally, were also in-
duced by heat and/or light, indicating that the control mechanism
of the unique light-responsive groE expression is highly diversi-
ﬁed in cyanobacteria.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Exposure to changing environmental conditions like a tem-
perature upshift induces the synthesis of a set of proteins that
protect the bacterial cell against future stresses. The regulatory
mechanisms for controlling their synthesis in eubacteria may
be classiﬁed as either positive or negative [1]. The CIRCE/
HrcA system is a well-characterized example of negative regu-
lations of the heat shock genes. CIRCE, controlling inverted
repeat of chaperone expression [2], is an inverted repeat con-
sisting of 9 bp separated by a 9 bp spacer; it has been found
in more than 40 diﬀerent eubacterial species including both
Gram-positive and Gram-negative species [3], and shown to
act as a negative cis-element of grpE/dnaK/dnaJ and/or groE*Corresponding author. Fax: +81 48 858 3384.
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doi:10.1016/j.febslet.2007.03.084operons [2,4,5]. hrcA, heat shock regulation at CIRCE ele-
ments [6], encodes a negative regulator [6–8] which binds di-
rectly to CIRCE to inhibit transcription [7,9,10]. Recently,
the crystal structure of the HrcA dimer from Thermotoga mari-
tima has been solved to 2.2 A˚ resolution [11]. The monomer is
composed of three domains: an N-terminal winged helix–turn–
helix domain, a GAF-like domain, and an inserted dimerizing
domain. Previous reports have suggested that the conversion
of HrcA into an active form is mediated by the GroE chapero-
nin system [9,12]. Regulations of the groE expression by two
diﬀerent transcriptional regulators such as CtsR and HrcA
or r32 and HrcA are reported in several Streptococcus species
[13], Caulobacter crescentus [6], and Agrobacterium tumefaciens
[14]. Binding sites for the regulators are tandemly arranged in
the 5 0-upstream untranslated region of these groEs.
The CIRCE element was located around transcriptional
start sites of the two groE genes, the groESL1 operon and
the groEL2 gene, in the cyanobacterium Synechocystis sp.
strain PCC 6803 [15,16]. We reported that the transcription
of the groE genes is de-repressed by the hrcA disruption under
normal conditions [16], indicating the operation of the CIRCE/
HrcA system in cyanobacteria. However, the de-repression
was not complete since the level of these groE mRNAs in
the hrcAmutant increased further upon heat shock in the light,
suggesting that the transcriptional enhancement is regulated by
a mechanism other than the CIRCE/HrcA system [16]. The
heat-induced transcription of the groE genes was initiated
from the same site as for the transcription under normal con-
ditions and the promoter sequences for the genes were typical
housekeeping ones [16]. Thus, we hypothesized a heat-respon-
sive regulation mediated by a positive transcriptional factor
and/or DNA element other than alternative sigma factors
and their corresponding promoters.
The heat shock response of cyanobacterial groELs is unique
since it is light-modulated via photosynthetic electron trans-
port system as shown in Synechocystis sp. strain PCC 6803
[15,17]. There was an apparent relationship between the
enhancement of the heat shock gene transcription in the light
and the level of reduced plastoquinone in the photosynthetic
electron transport system. Light activated the transcription
of the groE genes without aﬀecting the stability of their
mRNAs signiﬁcantly [17].
Based on these previous ﬁndings, we hypothesized that light
plays a major role in modulation of the cyanobacterial groE
transcription in the absence of HrcA (as in the case of the hrcA
mutant) or in the presence of inactivated HrcA. Upon heat
shock, HrcA becomes inactive in Bacillus subtilis [9]. Assuming
that the Synechocystis HrcA becomes inactive upon heatblished by Elsevier B.V. All rights reserved.
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of the wild-type strain are brought about by a mechanism
other than the CIRCE/HrcA system. It is also reasonable to
assume that the CIRCE/HrcA system does not play a major
role in the light-modulation since the CIRCE/HrcA system
operates in many non-photosynthetic bacteria. In order to test
the above hypothesis, we analyzed the eﬀect of light on the
groE expression in the Synechocystis hrcA mutant at nor-
mal and heat-shock temperatures. We also studied the eﬀect
of heat and/or light on expression of the CIRCE-lacking
groEL2 genes from Synechococcus sp. strain PCC 7942 and
Thermosynechococcus elongatus whose genomes contain the
hrcA gene.2. Materials and methods
2.1. Organisms and culture conditions
Synechocystis sp. strain PCC 6803 and Synechococcus sp. strain PCC
7942 cells were grown at 30 C under a light intensity of 25–
30 lE m2 s1 in liquid BG-11 medium [18] or on BG-11 plates con-
taining 1.5% (w v1) agar and 0.3% (w v1) sodium thiosulfate. The
BG-11 was modiﬁed to contain 5 mM HEPES–KOH (pH 8.0) and
50 lg ml1 Na2CO3. The liquid culture was bubbled with air. Cells
of T. elongatus BP-1 were cultured photoautotrophically at 50 C with
a light intensity of 30 lE m2 s1 in BG-11 liquid medium supple-
mented with 5 mM Tes–KOH, pH 8.2. The culture was aerated using
air supplemented with 5% CO2. Escherichia coli strains were grown at
30 C in Luria–Bertani medium under semi-aerobic conditions. Antibi-
otics were used at the following concentrations for E. coli: ampicillin
was added at 50 lg ml1 and spectinomycin at 10 lg ml1. Plasmids
were maintained in E. coli strain JM109 or DH5a.Table 1
Sequences of oligonucleotide used in this study
Primer name Primer sequence (50 to 3 0)
ES01 TTTCACAGTAGAAACATTAATGGAAATAGC
ES02 GCTAAATTAGCACTCGTGAGGTGGGAGTGCTAAACCC
ES03 GAGGGTTTAGCACTCCCACCTCACGAGTGCTAATTTA
ES04 TCAAGCTCGTGAATGGTGAGAGG
ES05 GTGTGGTTTCCCGAACTCAGGGCAAAAATCGGGAGCC
ES06 GAAGGATCTAGTCGGCTC
ES07 GTGTGGTGTCAATAGATCAGGGCAAAAATCGGGAGCC
ES08 GTCGGCTCCCGATTTTTGCCC
ES09 GAGCCGACTAGATCCTTC
ES10 GTTCGGGAAACCACAC
ES11 GTGTGGTTTCCCGAAC
ES12 GAAGGATATAGTCGGCTC
ES13 GAGCCGACTATATCCTTC
ES14 GGCGTACGCCTCCGGGCAACTTTGC
ES15 CCCGTACGTTTTGCCCTGAGTTCGGG
ES16 CCCGTACGCCGGGGTGTTGCACTGGG
ES17 AACGTACGTAGTAATTTGGGAGAGGG
Tel_ES01 GCGTTTCAACTGTGAAGC
Tel_ES02_T7 taatacgactcactatagggCCCACAATGGCCAAGAT
Tel_cpn01 CCAGTCGCATTGACGCAC
Tel_cpn02_T7 taatacgactcactatagggCCCATACCGCCATTAGC
S63_cpn01 GTGCCTTGACCTCACTGC
S63_cpn02_T7 taatacgactcactatagggACATCATGCCCATACCG
Vha_luxAB03 CACTTATCAGCCACCTGAGC
Vha_luxAB04_T3 AATTAACCCTCACTAAAGGGAGTCCATTAAGGCTCGG
ES01 to ES17 contain Synechocystis sp. strain PCC 6803 derived sequences.
derived from Thermosynechococcus elongatus, Synechococcus sp. strain PC
primer, Tel_ES02_T7, Tel_cpn02_T7, or S63_cpn02_T7 contains the T7 p
antisense oligonucleotide primer Vha_luxAB_T3 contains the T3 RNA polym
C, R and N indicate a DNA probe, a competitor for a DNA mobility shift
probe, respectively.2.2. Northern blot analysis and primer extension analysis
Cells in a 15-ml liquid culture that had been incubated for diﬀerent
time intervals were immediately collected by centrifugation and frozen
in liquid N2. During the incubation in the light or dark, the culture was
air-bubbled as described above. Total RNA was extracted as previ-
ously described [19]. When needed, an inhibitor of the electron trans-
port inhibitor, 3-(3,4-dichlorophenyl)-1,1-dimethylurea, DCMU (ﬁnal
10 lM) was added to each culture. Suitable fragments for the prepara-
tion of the groEL2-, groES- (to detect transcripts of the groESL1 bicis-
tronic operon), and rnpB-speciﬁc digoxigenin-labeled RNA probes for
detection of the corresponding RNA from Synechocystis sp. strain
PCC 6803, Synechococcus sp. strain PCC 7942 and T. elongatus were
prepared as previously described ([16] and Table 1). After electropho-
resis, RNA was blotted onto positively charged nylon membrane
(Roche), and cross-linked by ultraviolet light irradiation. A separate
blot for each particular probe was hybridized at 70 C as instructed
by the manufacturer (Roche). After washes, the blots were subjected
to immunological detection using anti-digoxigenin antibody conju-
gated to alkaline phosphatase, followed by CDP-Star. The chemilumi-
nescence signal from each probe was detected by exposing the blot for
diﬀerent time intervals to X-ray ﬁlms or by ChemiDoc (Bio-rad). The
size of mRNA was determined using an RNA ladder (GIBCO/BRL).
Primer extension analysis was performed as described previously [16].
2.3. DNA mobility shift assays
Five-hundred milliliters of a Synechocystis sp. strain PCC 6803 cul-
ture growing exponentially at 30 C in the light was harvested by cen-
trifugation at room temperature for 10 min at 3000·g. The cell pellet
was collected and either preserved at 20 C or used immediately.
The cells were suspended in 3 ml of 10 mM HEPES–KOH, pH 7.6,
containing 1 mM each of benzamidine and caproic acid. Harvested
cells were disrupted by the French press. All of the following proce-
dures were carried out at 4 C unless stated otherwise. The resulting
cell suspension was centrifuged at less than 1000·g for 5 min. The
supernatant was centrifuged again at 16000·g for 30 min. The super-
natant fraction was kept on ice. Aliquots of the fraction were analyzedConstructsa
ESL1_G4
TC ESL1_G4, ESL1_C_e
GC ESL1_G2, ESL1_C_e
ESL1_G1
GAC ESL1_C_a, ESL1_C_c
ESL1_G2, ESL1_G3, ESL1_C_a, ESL1_C_b, ESL1_C_n
GAC ESL1_C_b, ESL1_C_d
ESL1_C_c, ESL1_C_d
ESL1_C_n
ESL1_G1, ESL1_G3, ESL1_C_k
ESL1_C_k
ESLl_C_nC–A
ESL1_C_nC–A
ESL1_R2
ESL1_R4
ESL1_R6
ESL1_R2, ESL1_R4, ESL1_R6
Tel_ESL1_N
G Tel_ESL1_N
Tel_EL2_N
G Tel_EL2_N
S63_EL2_N
C S63_EL2_N
LUXAB_N
CTG LUXAB_N
A primer whose name starts with Tel, S63 or Vha contains a sequence
C 6301 or Vibrio harveyi, respectively. The antisense oligonucleotide
olymerase promoter sequence that is indicated by small letters. The
erase promoter sequence that is indicated by underlined letters. (a) G,
assay, a DNA fragment for a groE-luxAB reporter gene, and a RNA
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tion of probes and competitors, DNA fragments containing various re-
gions of the groESL1 genes were ampliﬁed in the presence of an
appropriate pair of primers (Table 1) by 25 cycles of PCR with Taq
DNA polymerase (Sigma). Assays were performed according to the
previous study [20].2.4. Construction of luciferase reporter genes fused with the promoter
regions of the groESL1 operon in Synechocystis sp. strain PCC
6803
The plasmid vector, pPT6803-1, having the promoter-less luxAB
gene, the neutral site of Synechocystis sp. strain PCC 6803 (the down-
stream region of ndhB) and the spectinomycin-resistance (Spr) cassette
[21], was a kind gift from Professor Masahiro Ishiura. 158-bp, 113-bp,
and 83-bp fragments of the groESL1 operon promoter region were
ampliﬁed by PCR with primers containing the BsiWI site at their 5 0-
termini (Table 1). The nucleotide sequences of the promoter regions
were conﬁrmed by DNA sequencing. The PCR products were digested
with BsiWI and cloned into the BsiWI site of pPT6803-1 to obtain the
reporter construct, pPgroESL1-luxSp
r. The wild-type and the hrcA mu-
tant strains were transformed with each construct. Measurement of
luminescence from cells harboring luciferase reporter genes were per-
formed as described previously [22].3. Results
3.1. The light- and heat-responsive groESL1 and groEL2
transcription in the hrcA mutant
Under normal growth conditions at 30 C, expression of
groESL1 and groEL2 in the hrcA mutant was modulated by
light. After a shift to darkness for 60 min, the mRNA level
of groESL1 and groEL2 decreased to 20% and 10%, respec-
tively, as compared with the steady-state transcript level of
each gene at 30 lE m2 s1 (Fig. 1A and B, ‘Dark’). When
the mutant cells were re-illuminated at 30 lE m2 s1 without
changing the temperature, transcripts of both genes increased
rapidly (Fig. 1A and B, ‘LL’). The cells recovered the groEL2
mRNA level prior to the dark treatment within 1 h. These re-
sults suggest that the light modulation of the groE genes takes
place under non-stress conditions, which is independent of
HrcA. In the wild-type cells, we could detect only a trace
amount of the groE mRNA in cells incubated at 30 C in the
light or dark by Northern blot analysis (data not shown).
These results indicate that HrcA eﬀectively represses the groE
gene expression under normal growth conditions. As shown in
Fig. 4, promoter assays also showed that the groESL1 pro-
moter activity was kept low during the light/dark cycle.
Treatment of the hrcA mutant cells at a higher temperature,
i.e., 42 C, or a higher light intensity, i.e., 150 lE m2 s1,
greatly induced the groESL1 and groEL2 expression as com-
pared with that at 30 C and 20 lE m2 s1 (Fig. 1A and B,
‘42 C’ and ‘HL’). In these experiments, cells were dark-treated
for 60 min prior to the heat or high irradiance treatment in or-
der to make the background initial level as low as possible. The
mRNA levels shown in Fig. 1A and B were quantiﬁed and
shown in Fig. 1C and D. As shown in these ﬁgures, the
HrcA-independent mechanism responds to the increase in light
intensity as well as temperature increase. An inhibitor of the
photosynthetic electron transport, 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU), strongly suppressed the light-respon-
sive groE induction (Fig. 1A–D, ‘HL + DCMU’), suggesting
that the light-activation of the groE transcription is closely
linked to the operation of the photosynthetic electron ﬂow as
previously reported [17]. The above results indicate that theHrcA-independent mechanism is diﬀerent from any mecha-
nisms reported so far since it is capable of regulating the groE
expression in response to light.
A single, the same transcriptional start site is mapped for the
Synechocystis groESL1 or groEL2, regardless of non-heat-
shock or heat-shock temperature and the presence or absence
of HrcA [16]. The transcriptional start site is preceded by a
promoter similar to the E. coli vegetative promoter. Thus,
we hypothesized that the major, housekeeping sigma factor
is involved in the groE transcription which is repressed by
the CIRCE/HrcA system under non-heat-stress conditions. It
is well established in B. subtilis that the CIRCE/HrcA system
represses the transcription by RNA polymerase with the
housekeeping sigma factor [23]. In Synechocystis, the tran-
scription appears to be regulated further by an additional
light-responsive mechanism.
We performed primer extension analysis for detection of the
start site of the light-induced groEL2 transcription. The
groEL2 gene in the wild-type and the hrcA mutant responds
to light much more greatly than the groESL1 operon [17].
The light-modulated transcription of the groEL2 gene was ini-
tiated from the same site as that for the heat induction in both
the wild-type and hrcA mutant strains (Fig. 1E). In the wild-
type, the transcriptional enhancement by illumination was de-
tected only at a heat shock temperature, 42 C, indicating that
HrcA represses the groEL2 transcription strongly under nor-
mal conditions. On the other hand, the transcriptional
enhancement by illumination was clearly observed at both
temperatures in the hrcA mutant (Fig. 1E). These results
showed that the light- and/or heat-induction of the gene can
take place fully in the absence of HrcA. In the presence of
HrcA, the groE transcription is strongly repressed at non-
heat-shock temperature, thus the light responsiveness is not re-
vealed. Unless the repression by HrcA is removed by a gene-
inactivation as in the case of the hrcA mutant or HrcA in
the wild-type is inactivated by high temperature treatment, it
is impossible to detect the responsiveness.3.2. In silico analysis to search for conserved sequences
upstream of cyanobacterial groESL1 and groEL2
The presence of a putative regulatory mechanism for the
groE gene expression led us to search for potential cis-elements
in the upstream regions of groE genes from various cyanobac-
terial species. When the upstream sequences of groE genes
were analyzed by Clustal X, several conserved sequences were
identiﬁed. The CIRCE operator sequence is highly conserved
in most of the groESL1 operons except those from a couple
of species of Prochlorococcus (Fig. 2A). These marine cyano-
bacteria also lack an open reading frame encoding an HrcA
homolog. In contrast with groESL1, groEL2 genes lack
CIRCE except those from Synechocystis and Anabaena
(Fig. 2B). Thus, the CIRCE/HrcA system is not well conserved
among the cyanobacterial groEL2 genes.
We found a highly conserved sequence located immediate up-
stream of the groESL1 promoter sequences and designated as
K-box (Fig. 2A). It is located from 63 to 48 of the Synecho-
cystis groESL1 upstream sequence. A K-box like sequence was
also found in the upstream region of the Synechocystis groEL2
gene but not in other cyanobacterial groEL2 genes (Fig. 2B). K-
box like sequences were also conserved in the dnaK2 genes from
various cyanobacteria (Fig. S1). So far, we have not found the
Fig. 1. Light- or heat-responsive expression of the groE genes in the Synechocystis hrcA mutant. Northern blot analysis of the groESL1 operon (A)
and the groEL2 gene (B). The Synechocystis hrcA mutant cells in a 600-ml BG-11 medium were grown at 30 C under a light intensity of
25 lE m2 s1 (Control). The culture was divided into 70-ml portions. A 70-ml culture was transferred to darkness, and then its 15-ml portion was
collected at 10 min, 30 min, or 60 min after the dark treatment. The remaining 70-ml cultures were transferred to dark for 60 min and then incubated
under diﬀerent conditions as described below; low irradiance of 25 lE m2 s1 (LL), high temperature of 42 C under low irradiance (42 C), high
irradiance of 150 lE m2 s1 at 30 C in the presence of 0.3% ethanol (HL), or high irradiance of 150 lE m2 s1 at 30 C in the presence of 15 lM
DCMU (HL + DCMU). 15-ml portion of the culture in each treatment was collected at 10 min, 30 min, or 60 min after the transfer. Total RNA from
each 15-ml culture was prepared and 1 lg of RNA was analyzed by Northern blot analysis to detect groESL1, groEL2, and rnpB transcripts. The
mRNA of the constitutively expressing rnpB gene was used as a loading reference. 2.8-kb, 2.3-kb, and 1.3-kb rRNAs on nylon membrane were
detected by the methylene blue staining, and shown as references for the amount of RNA loaded to each lane. (C,D) The transcript level of groESL1
(C) and groEL2 (D) was quantiﬁed by measuring the corresponding band intensities in (A) and (B) with Quantity One (Bio-rad). Symbols of closed
circles, closed squares, closed triangles and open triangles indicate mRNA levels after shifts to LL, 42 C, HL, and HL + DCMU, respectively. The
mRNA level in the ‘Control’ sample was set to 100. (E) Mapping of the 5 0-end of the groEL2 mRNA by primer extension analysis. Primer extension
reactions were performed with total RNA (5 lg) isolated from the wild-type cells (WT) or the hrcA mutant (DhrcA). Incubation for 15 min at 42 C
and 30 C was indicated by ‘‘Heat +’’ and ‘‘Heat ’’, respectively. Incubation in the presence and the absence of light at 25 lE m2 s1 was indicated
by ‘‘Light +’’ and ‘‘Light ’’, respectively. T, G, C, and A indicate the dideoxy sequencing ladder obtained with the same oligonucleotide as that used
for the primer extension analysis and a cloned genomic DNA containing groEL2 as a template. Nucleotide sequences containing of transcriptional
start site (+1) of groEL2, 10 promoter sequence (underlined) and CIRCE (indicated by an arrow) are also shown.
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Fig. 2. Alignments of nucleotide sequences of 5 0-upstream regions of groESL1 (A), groEL2 (B), and sequences for DNA elements (C). Positions are
numbered relative to the transcriptional initiation sites of the groESL1 and groEL2 genes from Synechocystis sp. PCC 6803. Transcription start sites
(+1) deduced by primer extension analysis and promoter sequences recognized by the housekeeping sigma factor are indicated as boxed letters and
underlined letters, respectively. The inverted repeat of CIRCE is indicated by shadowed-bold letters and inverted arrows. Nucleotide sequences of K-
box, N-box, L-box, and M-box were indicated by boxed letters. Cyanobacterial species are abbreviated as follows. S68, Synechocystis sp. PCC 6803;
S79, Synechococcus sp. PCC 7942; A71, Anabaena sp. PCC 7120; A31, Anabaena sp. L-31; Tel, Thermosynechococcus elongatus BP-1; Tvu,
Thermosynechococcus vulcanus; Osc, Oscillatoria sp. NKBG 091600; S81, Synechocystis sp. WH8102; Pma_MIT9313, Prochlorococcus marinus
MIT9313; Pma_MED4, Prochlorococcus marinusMED4; Pma_SS120, Prochlorococcus marinus SS120. The groE nucleotide sequences of S68, A71, Tel,
S81, Pma_MIT9313, Pma_MED4, and Pma_SS120 were obtained from Cyanobase, and the other sequences were from GenBank. Promoters were
analyzed by GENETYX program (Genetyx Co., Osaka, Japan). (C) Consensus sequences are listed. N indicates an arbitrary nucleotide.
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Only dnaK2 among three dnaK genes in Synechococcus sp.
PCC 7942 is shown to be induced by heat [24]. The dnaK2 gene
in Synechocystis sp. strain PCC 6803 is induced by light and/or
heat (H. Utsumi and H. Nakamoto, unpublished observation).
These results suggest that the K-box sequence may play an
important role in the heat- and/or light-activation of these ma-
jor chaperone gene expression. In addition to K-box, we found
a sequence conserved among Synechococcus sp. strain PCC
7942, T. vulcanus, and T. elongatus. Two of them are thermo-
philic cyanobacteria. Somewhat similar sequences were also
found in groEL2, sigD, and hliA genes of Synechocystis sp.
strain PCC 6803 (data not shown). We designated this sequence
as L-box (Fig. 2B). In marine cyanobacteria, a highly conserved
sequence, designated as M-box, was found (Fig. 2B).
In the present study, we analyzed K-box as a putative regu-
latory element because of its conservation in the two indispens-
able genes, groESL1 and dnaK2 [[24], and L. Vigh, personal
communications].3.3. Speciﬁc binding of a protein to the groESL1 upstream
nucleotide sequence
The DNA mobility shift assay was performed in order to
examine whether a protein(s) binds to K-box of the Synecho-
cystis groESL1 gene. Synechocystis sp. strain PCC 6803 cells
were grown under normal growth conditions and their cell ex-
tracts were utilized for the assay. A protein(s) binding to the
groESL1 upstream regulatory region (Fig. 3A) was detected
by using a digoxigenin-labeled probe, ESL1_G2 (97 to
+25, Fig. 3C) or ESL1_G3 (97 to 48, Fig. 3C), while no
binding to ESL1_G4 (14 to +111, Fig. 3C) was detected.
Non-labeled ESL1_G3 abolished mobility shifts of the
ESL1_G2 and ESL1_G3 probes completely, while ESL1_G4
did not (Fig. 3C). Thus, these results suggest that there is a re-
gion in ESL1_G3 to which a putative DNA-binding protein
binds. The HrcA repressor may be excluded from the potential
DNA-binding proteins, because ESL1_G3 lacks CIRCE. De-
spite our great eﬀorts, we could not detect any mobility shift
with a CIRCE-containing DNA such as ESL1_G4. HrcA from
Fig. 3. DNA mobility shift assays to detect a protein binding to the groESL1 upstream region. (A) Probes for DNA mobility shift assays. DNA
fragments were indicated by bold lines. Nucleotide positions in probe DNAs were numbered relative to the transcriptional initiation site (+1) of the
groESL1 operon. N-box and K-box were shown as white boxes. Promoter and CIRCE were shown as black boxes and white inverted arrows,
respectively. (B) Nucleotide sequences used in competition assays. Nucleotide sequences of N-box and K-box were indicated by box with solid line
and box with broken line, respectively. Mutated nucleotides were indicated by underlined letters. (C) DNAmobility shift assays for identiﬁcation of a
binding site in the groESL1 upstream region were performed with 100 fmol of DIG-labeled probes and cell extract (20 lg protein) from Synechocystis
sp. strain PCC 6803 grown under normal growth conditions. +, , G3, G4, C, and F stand for the presence, the absence, ESL1_G3, ESL1_G4,
protein/probe complex, and free probe, respectively. (D) Competition assays for a DNA-binding. Competitors whose sequences were shown in (B)
were added in 100-fold molar excess to a probe. +, , C, and F stand for the presence, the absence, protein/probe complex, and free probe,
respectively. a, b, c, d, k, n, and n_C-A correspond to the last character of competitors shown in (B).
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cell extracts.
ESL1_G3 contains the K-box sequence (Figs. 2A and 3A).
Thus, we tested whether K-box is involved in forming com-
plexes with a putative DNA-binding protein by competition
assays. DNA fragments utilized for the competition assays in-
clude ESL1_G3 derivatives containing mutations in K-box
(Fig. 3B). K-boxes from various groESL1 genes have a consen-
sus sequence as 5 0-GTTCGG-NNAN-CCNNAC-3 0 (Fig. 2C).
We introduced mutations in the conserved GTTCGG except
the second T, according to the following rule; A, C, G, and
T to C, A, T, and C, respectively (Fig. 3B, ESL1_C_b). Unex-
pectedly, the DNA fragment, ESL1_C_b, still competed with
the probe ESL1_G2 (Fig. 3D, competitor ‘b’), indicating that
the protein(s) does not bind to the K-box. Furthermore, the
minimum DNA fragment containing whole K-box (Fig. 3B,
ESL1_C_k) did not compete with the probe (Fig. 3D, compet-
itor ‘k’). These results indicate the presence of a DNA se-
quence in ESL1_G3 other than K-box to which a protein
binds. We found that the DNA fragment (Fig. 3B, ESL1_C_c)
with a truncation of 10 nucleotides from the 5 0-end of
ESL1_G3 did not compete with the probe (Fig. 3D, competi-
tor ‘c’). Thus, the binding site may be present in the 10-nucle-
otide region. Accidentally, we found that a DNA fragment,
ESL1_C_ b, with a truncation of 10 nucleotides from its 5 0-
end (Fig. 3B, ESL1_C_d) recovered the ability to compete with
the probe (Fig. 3D, competitor ‘d’). We suspected that themutation in K-box created a sequence for the protein binding.
Comparing the sequence of the fragment ESL1_C_d with that
of the 10-nucleotide region of ESL1_G3, we found the overlap-
ping sequence, 5 0-GATCTA-3 0, located in 93 to 87. This
small region may act as a binding site in the probe ESL1-
G2. An 18-nucleotide DNA fragment containing 5 0-GAT-
CTA-3 0 (Fig. 3B, ESL1_C_n) prevented the retardation of
the probe, while an 18-nucleotide DNA fragment containing
a mutation in 5 0-GATCTA-3 0 as 5 0-GATATA-3 0 (Fig. 3B,
ESL1_C_nC-A) did not (Fig. 3D, competitors ‘n’ and ‘nC–A’).
Thus, the DNA mobility shift assay enabled us to identify a
putative cis-element which was not identiﬁed by in silico anal-
ysis. GATCTA was found upstream of the Anabaena sp. strain
PCC 7120 groEL2 gene, which was positioned at 57-bp up-
stream from a putative transcriptional initiation site
(Fig. 2B). We designated this hexamer sequence, GATCTA,
as N-box.
3.4. K-box and N-box as putative regulatory elements that are
responsible for the groESL1 transcriptional control
In order to test whether K-box and/or N-box are involved in
the regulation of the groESL1 gene expression, the eﬀect of
deletion of these boxes from the groESL1 upstream region
on its promoter activity was analyzed by using transcriptional
fusions to a luxAB reporter gene. Various DNA fragments
containing potential groESL1 transcriptional regulatory ele-
ments (Fig. 4A) were fused to a promoter-less luxAB reporter
Fig. 4. Detection of DNA elements responsible for light- and/or heat-responsive expression of the groESL1 operon by the luxAB reporter assays. (A)
Constructs of PgroESL1-luxAB reporter genes. DNA fragments indicated by lines were fused to the luxAB operon in plasmid, pPT6803a. Positions
were numbered relative to the transcriptional initiation site (+1) of the groESL1 operon. N-box and K-box were shown as white boxes. Promoter and
CIRCE were shown as black boxes and white inverted arrows, respectively. Strains carrying one of the PgroESL1-luxAB reporter genes were designated
as ESL1_R0W, ESL1_R2H, ESL1_R4H, and ESL1_R6H according to the fused groESL1 promoter region shown at the left side of each strain
name. (B) Levels of luminescence measured from the wild-type and the hrcA mutant background strains, harboring various PgroESL1-luxAB reporter
genes. Cells were grown at 30 C and 25 lE m2 s1. Each value shows means and S.D. of three independent replicate experiments. (C) Time courses
of luminescence levels during incubation of cells in the dark and light at 25 lE m2 s1. Open square, closed square, closed triangle, and closed circle
indicate luminescence from ESL1_R0W, ESL1_R2H, ESL1_R4H, and ESL1_R6H, respectively. (D) Time courses of the luxABmRNA levels during
incubation of cells in darkness, under low light, or under high light in the presence or absence of DCMU. In 600-ml BG-11 medium, the hrcAmutant
cells harboring a PgroESL1-luxAB reporter gene were grown at 30 C under a light intensity of 25 lE m2 s1 (Time ‘0’). The culture was divided into
70-ml portions. Each portion was transferred to dark for 60 min (Time ‘60’) and then incubated under diﬀerent conditions as described below; low
irradiance of 25 lE m2 s1 (LL), high irradiance of 150 lE m2 s1 in the presence of 0.3% ethanol (HL), or high irradiance of 150 lE m2 s1 in
the presence of 15 lM DCMU (HL + DCMU). 15-ml portions of the culture in each treatment were collected at 10-min, 30-min, and 60-min
intervals. Total RNA (1 lg) from each sample was analyzed by Northern blot analysis to detect the luxAB transcript. The transcript level of luxAB
was quantiﬁed by Quantity One from the intensity of the chemiluminescence signal from the luxAB probe that hybridized with the luxAB mRNA.
Symbols of closed circle, closed triangle and open triangle indicate mRNA levels after shifts to LL, HL, and HL + DCMU, respectively. (E) Time
courses of the luxAB mRNA levels upon heat shock. The wild-type or the hrcA mutant cells harboring a reporter gene, PgroESL1-luxAB, were grown
at 30 C under a light intensity of 25 lE m2 s1 in the 600-ml BG-11 (Time ‘0’). The culture was divided into 70-ml portion. Each culture was
transferred to dark for 60 min and then incubated at 42 C under a light intensity of 25 lE m2 s1 (42 C). 15-ml portions of the culture were
collected at 10-min, 30-min, 60-min and 120-min intervals. Total RNA (1 lg) from each sample was analyzed by Northern blot analysis to detect the
luxAB transcript. The transcript level of luxAB was quantiﬁed by measuring the corresponding band intensity with Quantity One as described above.
Symbols of open circles, closed circles and closed triangles indicate results from ESL1_R0W, ESL1_R2H, and ESL1_R4H, respectively.
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ments, ESL1_R4 (74 to +39) and ESL1_R6 (44 to +39), ex-
clude the N-box sequence and the N-box and K-box
sequences, respectively. One of these DNA fragments fused
to luxAB was introduced into the neutral site of the Synecho-
cystis hrcA mutant genome, a transformant was selected, and
was designated as ESL1_R2H, ESL1_R4H, or ESL1_R6H.
A strain harboring ESL_R0 fused to luxAB in the wild-type
background was designated as ESL1_R0W.
The level of luminescence from all the strains was measured
in order to evaluate the importance of N- and K-boxes for the
groESL1 transcription under normal growth conditions
(Fig. 4B and C). In the ESL1_R2H strain, the groESL1 tran-
scription level under normal growth conditions was 10 times
as high as ESL1_R0W, a reporter strain constructed in the
wild-type background (Fig. 4B). The de-repression of the
groESL1 transcription in the hrcA mutant strain shown by
the reporter assays was consistent with the previous observa-
tion obtained by Northern blot analysis [16]. The groESL1
promoter activity in the strain ESL1_R2H was higher than
that in the strain ESL1_R4H under normal growth conditions
(Fig. 4B). The luminescence level from the strain ESL1_R6H
was greatly decreased, which was lower than that of the strain
ESL1_R0W. These results suggest that sequences upstream
from the transcriptional initiation site of the groESL1 operon,
located from 119 to 74 and from 74 to 44, which con-
tain N-box and K-box, respectively, were required for the
basal transcriptional activity and its enhancement.
In order to test whether N-box and/or K-box play a role in
the groESL1 transcriptional control during light/dark cycle at
30 C, we measured the level of luminescence from the reporter
strains (Fig. 4C). Strains ESL1_R2H and ESL1_R4H showed
the light-responsive transcription during the light/dark cycle,
while the ESL1_R6H strain did not. These results suggest that
K-box is important for the basal and light-responsive tran-
scriptions of the groESL1 operon. N-box containing region
further enhances the response. The ESL1_R0W strain which
carries the reporter gene containing both N- and K-boxes
did not show the response and its groESL1 promoter activity
was kept low during the light/dark cycle (Fig. 4C), which is
consistent with the data obtained by Northern blot analysis
to detect the groESL1 mRNA accumulation in the light and
dark (data not shown). These results suggest that HrcA eﬀec-
tively represses the groESL1 transcriptional activity mediated
by the K-box and N-box containing regions.
In order to study whether N-box and/or K-box play a role in
the enhancement of the groESL1 transcriptional activity due
to the increase in light intensity or temperature, we determined
the luxAB transcript level in each strain by Northern blot anal-
ysis instead of luminescence (Fig. 4D and E). The reporter pro-
tein, the LuxAB protein, is known to be heat-labile [25–27].
High irradiance also damages proteins since it is known to cre-
ate oxidative stress [27]. Thus, we employed Northern blot
analysis.
As shown in Fig. 4D (Time ‘0’), the ESL1_R4H and
ESL1_R6H strains accumulated lower levels of transcript than
the ESL1_R2H strain under low irradiance of 25 lE m2 s1
and at 30 C. Consistent with the results shown in Fig. 4C,
after the dark incubation at 30 C for 60 min, the level of the
luxAB transcript of all the strains decreased (Fig. 4D, Time
‘60’). Fusion of K-box containing region, and then N-box con-
taining region, with the groESL1 promoter enhanced the rateof transcription greatly, and also led to earlier shutdown of
the transcription under low irradiance, resulting in a more
apparent transient accumulation of the transcript (Fig. 4D,
‘LL’). Similar experiments under higher irradiance of
150 lE m2 s1 further support this argument. The rate of
the transcription, the maximum level of the transcript accumu-
lation, and the transient mRNA accumulation was highest or
most apparent in ESL1_R2H, while the ESL1_R6H strain
showed the lowest responsiveness to light (Fig. 4D, ‘HL’).
Addition of DCMU resulted in strong suppression of the
light-responsive groE induction (Fig. 4D, ‘HL + DCMU’),
suggesting that the light-activation of the groE transcription
mediated by K-box is modulated by the photosynthetic elec-
tron transport system.
Next, we examined the luxAB transcript level after a heat
shock by Northern blot analysis. It is expected that the repor-
ter gene in the ESL1_R0W strain may respond similarly to the
ESL1_R2H strain. This is because HrcA would be inactivated
after a heat shock treatment. Thus, the reporter gene would be
freed from the repression by HrcA under heat shock condi-
tions. As shown in Fig. 4E, the groESL1 promoter in the
ESL1_R0W strain increased its activity just like that in the
ESL1_R2H strain. The absence of N-box containing region re-
duced the level of the activation. However, contribution of the
N-box containing region to the heat induction is much weaker
than that to the light. We could not detect the luxAB transcript
in total RNA extracted from the ESL1_R6H strain (data not
shown), suggesting the essential role of K-box in the groESL1
transcription.
Finally, we studied heat- and/or light-induction of the groE
genes in T. elongatus and Synechococcus sp. strain PCC 7942.
T. elongatus and PCC 7942 as well as PCC 6803 have two
groEL genes. There is no CIRCE element in the upstream reg-
ulatory regions of the groEL2 genes from these cyanobacteria
(Fig. 2B), although there is an open reading frame encoding
HrcA on each cyanobacterial genome. The groE genes contain
neither K-box nor N-box.
In T. elongatus, the level of the groEL2 mRNA changed in
response to the light/dark cycle under normal growth condi-
tions at 50 C (Fig. 5A and 5C, ‘Dark’ and ‘LL’). Heat induc-
tion of the groEL2 gene expression was rapid, intense and
transient (Fig. 5A and C, ‘63 C’). The gene was induced after
a shift to high irradiance, and the high level of its mRNA accu-
mulation was kept for at least 60 min (Fig. 5A and C, ‘HL’).
The groEL2 gene in strain PCC 7942 responded to light and
heat in its expression in a similar way to its homolog in T.
elongatus (Fig. 5B and D). The light- and heat-induction of
the groEL2 genes from both cyanobacterial species was
greatly inhibited by DCMU (Fig. 5A–D, ‘HL + DCMU’,
‘63 C + DCMU’, and ‘45 C + DCMU’). In total, these
expression proﬁles were similar to those of the groE genes in
the hrcA mutant of Synechocystis sp. strain PCC 6803
(Fig. 1B and D). The heat- and/or light-induction of the groE
genes in these cyanobacteria takes place in the absence of
CIRCE, K-box, and N-box.
The kinetics of heat- and/or light-induced mRNA accumula-
tion of the groESL1 genes from the two cyanobacterial species
was similar to that of the groEL2 genes, except that the PCC
7942 groEL2 mRNA kept increasing as shown in Fig. 5B
and D, while the mRNA accumulation of its counterpart
reached the greatest level 15 min after a high light shift and dis-
appeared within 30 min (data not shown).
Fig. 5. Light or heat-responsive expression of the groEL2 genes lacking the CIRCE element. Northern blot analysis of the groEL2 gene from
Thermosynechococcus elongatus (A) or Synechococcus sp. strain PCC 7942 (B). Cells in the 600-ml BG-11 medium were grown at 50 C (A) or 30 C
(B) under a light intensity of 25 lE m2 s1 (Control, lane 1). The culture was divided into 70-ml portion. A 70-ml culture was transferred to
darkness, and then 15-ml portions of the culture were collected at 10-min (data shown in C and D), 30-min (data shown in C and D), and 60-min
intervals (Dark, lane 2). The remaining 70-ml cultures were transferred to dark for 60 min and then incubated under diﬀerent conditions as described
below; low irradiance of 25 lE m2 s1 (LL), heat shock at 63 C for Thermosynechococcus elongatus or 45 C for Synechococcus sp. strain PCC 7942
under a light intensity of 25 lE m2 s1 in the presence of 0.3% ethanol (63 C or 45 C), heat shock at 63 C or 45 C under a light intensity of
25 lE m2 s1 in the presence of 15 lM DCMU (63 C + DCMU or 45 C + DCMU), under a light intensity of 150 lE m2 s1 in the presence of
0.3% ethanol (HL), or under a light intensity of 150 lE m2 s1 in the presence of 15 lM DCMU (HL + DCMU). 15-ml portion of the culture were
collected at 10-min (lanes 4, 7, 10, 13), 30-min (lanes 5, 8, 11, 14), and 60-min (lanes 6, 9, 12, 15) intervals. Total RNA (1 lg) from each sample was
analyzed by Northern blot analysis to detect the groEL2 transcript. (C,D) The transcript levels of groEL2 in (A,B), and additional results with dark-
treated samples were quantiﬁed by measuring the corresponding band intensities with Quantity One. Symbols of circles, open squares, closed squares,
closed triangles and open triangles indicate mRNA levels after a shift to LL, 63 C (C) or 45 C (D), 63 C + DCMU (C) or 45 C + DCMU (D), HL,
HL + DCMU, respectively.
K. Kojima, H. Nakamoto / FEBS Letters 581 (2007) 1871–1880 18794. Discussion
In this study, we showed a role of novel DNA elements, K-
box and N-box, as well as CIRCE in the groESL1 expression
of Synechocystis sp. strain PCC 6803. K-box and N-box may
play a major role in the activation of the groESL1 transcription
by heat and/or light. This regulatory mechanismmay be also in-
volved in regulation of the Synechocystis groEL2 gene expres-
sion since K-box as well as CIRCE is conserved in its
upstream region (Fig. 2B). We could not obtain evidence that
a protein binds to K-box to regulate the groESL1 transcription.
This does not exclude the presence of a protein which speciﬁ-
cally binds to K-box. K-boxmay interact with a RNA polymer-
ase subunit to control the gene expression like the UP element.
Previous studies in E. coli show a regulation mediated by the
interaction with the C-terminal domain (a-CTD) of the RNA
polymerase a-subunit and the UP element. This interaction
plays a major role in the basal- and the enhanced-gene expres-
sion [28]. Neither the K- nor N-box sequence showed homology
with the UP element consensus sequences in E. coli.
The phylogenetic tree which was constructed with GroELs
from various cyanobacteria shows higher conservation in the
GroEL1 amino acid sequences than those of GroEL2
(Fig. S2). All the groESL1 genes appear to contain K-box
and CIRCE. Thus, K-box mediated regulation as well as the
CIRCE/HrcA system may play a major role in the cyanobac-terial groESL1 gene expression. The groESL1 genes from
marine cyanobacteria contain sequences that are similar to
CIRCE, but some of them lack HrcA. Temperature in ocean
may be kept relatively constant, as compared with that in land.
If HrcA is present, marine cyanobacteria may have to ﬁnd a
way to inactivate HrcA other than temperature increase in
order to express groE.
The regulatory mechanisms for the groEL2 expression may
be more diversiﬁed just like the situation in the GroEL2 amino
acid sequences. Our present study showed that the heat- and/or
light-induction of the CIRCE-lacking groEL2 genes takes
place in the absence of K-box and N-box. DNA elements such
as L-box may be involved in the regulation of the groEL2 gene
expression. Much work has to be done in order to elucidate the
regulatory mechanism for the groEL2 gene expression.
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